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Abstract
Background: Intestinal microbial metabolites, such as trimethylamine-N-oxide (TMAO) and indoxyl 
sulfate (IS), have been suggested as markers for the progression of aortic stenosis (AS). However, the 
impact of transcatheter aortic valve implantation (TAVI) on these intestinal bacterial metabolites has 
not been evaluated in a multicenter clinical study. The aim of this study was to determine the effect 
of TAVI on plasma levels of intestinal bacterial metabolites and to assess the predictive value of these 
metabolites for major adverse cardiovascular events (MACE) following TAVI.
Methods: Consecutive patients with AS referred for TAVI were enrolled in this study. Blood samples 
were collected one day before TAVI and at hospital discharge. The concentrations of intestinal micro-
bial metabolites were measured using ultra performance liquid chromatograph coupled with a mass 
spectrometer.
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Results: Plasma levels of TMAO and IS decreased after TAVI, compared to baseline (p ≤ 0.004 for all). 
Among 128 patients included in the study, 21 patients (16.4%) developed MACE during the median 
follow-up time of 404 days. Baseline plasma IS level was higher in patients with MACE, compared to 
those without MACE (p = 0.001). Increased baseline IS level predicted MACE with 75.0% sensiti-
vity and 74.3% specificity independent of other clinical variables (OR 14.264, 95% CI 3.442–59.117,  
p < 0.001) and decreased the chance of event-free survival (plog rank < 0.001).
Conclusions: Plasma concentrations of TMAO and IS decreased after TAVI, compared to baseline. 
Elevated plasma IS levels were associated with a 14-fold increase in the odds of post-TAVI MACE  
during a median follow-up period of 404 days.
Keywords: aortic stenosis, intestinal metabolites, indoxyl sulfate, transcatheter aortic 
valve implantation, trimethylamine-N-oxide

Central figure. Summary of the study results

TAVI — transcatheter aortic valve implantation; TMAO — trimethylamine-N-oxide 
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Introduction

Aortic stenosis (AS) is the most commonly 
acquired valvular heart disease in the Western 
world and is a significant healthcare challenge [1], 
with an increasing prevalence along with aging 
populations [2]. There are two methods of treat-
ing severe, symptomatic AS: surgical aortic valve 
replacement (SAVR) and transcatheter aortic valve 
implantation (TAVI). The choice of method is based 
on the patient age and the risk of surgical mortality. 
TAVI is recommended in older patients (> 75 years 
of age), who are at a high risk of surgical mortality 
(Society of Thoracic Surgeons Predicted Risk of 
Mortality [STS-PROM] or EuroSCORE II > 8%)  
or otherwise unsuitable for surgery [3]. In the 
remaining patients, the choice between SAVR and 
TAVI should be made by a Heart Team based on 
clinical and anatomical evaluation, weighing the 
risks and benefits of each approach for an individual 
patient [3]. Despite excellent outcomes after TAVI 
with 85% of patients free from structural valve de-
terioration at eight years [4], about 25% of patients 
experience major and minor major adverse cardio-
vascular and cerebrovascular events (MACE) after 
TAVI. Currently, there are no clinically applicable 
biomarkers allowing the prediction of such events.

Numerous studies have shown an association 
between the plasma concentrations of toxins pro-
duced by intestinal microbiota and cardiovascular 
diseases (CVD) [5–9]. Among these toxins, indoles 
and trimethylamines have been the focus of exten-
sive research in CVD [5, 10].To reach systemic cir-
culation, bacterial toxins must cross the gut-blood 
barrier, the permeability of which has been shown 
to increase in CVD [6, 8, 10]. Most toxins, such as 
trimethylamine and indole, are metabolized by the 
liver into less toxic or no-toxic compounds, such 
as TMAO and indoxyl sulfate, respectively, and are 
subsequently removed by the kidneys [6, 9, 11].

Although there is growing evidence sug-
gesting the contribution of primary microbio-
ta-produced toxins such as TMA and indole, it  
is their final metabolites, such as TMAO and IS, 
that are mostly studied in clinical research. These 
metabolites are more stable and easier to measure, 
making them more reliable markers. Thus, the 
plasma concentrations of TMAO and IS serve as 
proxies for their toxic precursors’ production, the 
function of the gut-blood barrier, liver metabolism, 
and kidney function.

Previously, it was shown that plasma concen-
tration of TMAO is an independent predictor of 
adverse outcomes in patients after acute myocar-

dial infarction [12]. Recently, it was demonstrated 
that patients with severe AS had higher TMAO 
levels compared to patients without AS, which 
was associated with increased two-year all-cause 
mortality after TAVI [13]. However, the effect of  
TAVI on intestinal bacteria metabolites and their 
predictive value for post-TAVI outcomes have not 
hitherto been evaluated in a multicenter clinical 
study. As TAVI restores physiological hemody-
namic conditions, it is associated with improved 
organ perfusion, including that of the gut, as well 
as anti-inflammatory and antithrombotic effects 
[14, 15]. The present study hypothesized that  
TAVI decreases plasma concentrations of microbi-
ota-derived metabolites and that the plasma levels 
of these metabolites are associated with clinical 
outcomes. The goal of this study was 
1. to determine the effect of TAVI on plasma level 

of intestinal bacteria metabolites, and 
2. to evaluate the predictive value of these me-

tabolites for MACE after TAVI.

Methods

This is a prospective, multicenter study con-
ducted at three academic centers in Poland (War-
saw, Poznan, Nowa Sol) in collaboration with the 
Department of Experimental Physiology and 
Pathophysiology, Medical University of War-
saw, , Poland. The study protocol was approved 
by the Ethics Committee of Medical Univer-
sity of Warsaw (approval number: KB/128/2018,  
KB/4/A2021).

Patients diagnosed with severe AS and quali-
fied for TAVI based on the Heart Team’s deci-
sion were recruited. Severe AS was defined as 
aortic valve area (AVA) < 1.0 cm2 or indexed  
AVA < 0.6 cm2/m2, calculated by the continuity 
equation on transthoracic echocardiography (TTE). 
In patients with low-flow, low-gradient AS and re-
duced LVEF, dobutamine stress echocardiography 
was performed to differentiate between true severe 
AS and pseudo-severe AS, and in patients with 
low-flow, low-gradient AS and preserved LVEF, 
computed tomography was performed to assess 
aortic valve calcium score [3]. Exclusion criteria 
were transcatheter valve-in-valve implantation, 
chronic kidney disease (estimated glomerular 
filtration rate [eGFR] < 30 mL/min), autoimmune 
diseases, active neoplastic disease, pregnancy, 
breast-feeding. 

TAVI was performed by an interventional car-
diologist (J.K., Z.H., B.R.) and a cardiothoracic sur-
geon (R.W.) in a hybrid operating room. According to 
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the 2017 ESC guidelines on valvular heart disease, 
applicable when conducting this study for three-
six months, followed by single antiplatelet therapy 
(mostly ASA) in patients with no indication for oral 
anticoagulation (OAC), or OAC if required [16].  
Other drugs were continued at the discretion of 
the treating physician, according to individual 
comorbidities. 

Blood samples were collected to ethylen-
ediaminetetraacetic acid (EDTA) plastic tubes  
(S-Monovette, Sarstedt) at two time points: one 
day before TAVI and at hospital discharge after 
TAVI. Platelet-depleted plasma was prepared by 
double centrifugation (2500 g, 15 min, 20°C, ac-
celeration speed one, no brake). The supernatant 
was transferred into Eppendorf tubes and stored 
in −80°C until analyzed. Plasma concentrations 
of TMAO and IS were measured using a Waters 
Acquity Ultra Performance Liquid Chromatograph 
coupled with a Waters TQ-S Triple-Quadrupole 
Mass Spectrometer. The mass spectrometer oper-
ated in the multiple-reaction monitoring (MRM)-
positive electrospray ionization (ESI) mode, as 
previously described [12].  

Patient data were collected during the index 
hospitalization for TAVI. A follow-up visit in the out-
patient clinic was scheduled after one year ± three  
months, when control TTE was performed and 
data regarding MACE (all-cause death, cardiovas-
cular death, myocardial infarction, stroke, transient 
ischemic attack [TIA], decompensation of heart 
failure, need for re-intervention) were recorded.

The primary end-point was the change in 
plasma concentration of TMAO from baseline 
to post-TAVI. The secondary end-points were 
the changes in plasma concentrations of IS from 
baseline to post-TAVI and the predictive value of 
TMAO and IS for the occurrence of MACE during 
the follow-up. 

The sample size for the primary endpoint was 
calculated for the mean difference in primary end-
point, based on the previous study, where patients 
with severe AS had two-fold higher TMAO levels 
compared to patients without AS [17]. The required 
sample size was calculated by a two-sided t-test 
at a significance level of 0.05, assuming the mean 
difference between the groups = 1, SD in each 
group ± 2.0, and nominal test power = 0.9. Based 
on this sample size estimation, a total of 86 patients 
should be enrolled in the study to observe a mean 
difference in TMAO concentration from baseline 
to post-TAVI. Taking into account that up to 30% 
of patients can be potentially lost to follow-up, at 
least 120 patients should be included in the study.

Statistical analysis was conducted using IBM 
SPSS Statistics, version 27.0 (IBM, New York, 
USA). Categorical variables were presented as 
number and percent and compared using Chi-
square test. The Shapiro-Wilk test was used to 
assess normal distribution of continuous variables. 
Continuous variables were presented as mean with 
standard deviation (SD) or median with interquar-
tile range (IQR). Changes in metabolite concentra-
tion before and after TAVI were calculated with Wil-
coxon signed-rank. To assess the difference in vari-
ables between patients with and without MACE, the 
Student t-test and U-Mann Whitney test were used 
to compare data with and without normal distribu-
tion, respectively. The Spearman correlation coef-
ficient was used to evaluate correlations between 
plasma levels of intestinal bacteria metabolites and 
echocardiographic parameters of AS severity. The 
predictive value of intestinal bacteria metabolites 
for MACCE and the cut-offs were calculated using a 
receiver operating characteristic (ROC) curve. The 
Logistic regression model incorporating intestinal 
bacteria metabolites concentration and clinical 
characteristics which predicted MACE at p < 0.1 
in the univariable analysis were used to determine 
independent predictors of MACE. The results of 
univariable and multivariable regression analyses 
are reported as odds ratio (OR) and 95% confidence 
interval (CI). A two-sided p-value below 0.05 was 
considered significant.

Results

Between November 2018 and September 
2021, 128 patients were enrolled in the study with 
complete follow-up regarding mortality, based on 
the National Insurance Database, and 8 patients 
lost to follow-up regarding other adverse events. 
The median (IQR) time between baseline blood 
collection and TAVI was one day and between TAVI 
and second blood collection was five days. The 
median time to follow-up was 404 (194–510 days). 
Twenty-one patients (16.4%) developed MACE 
during the follow-up: four all-cause deaths, five 
cardiovascular deaths, one TIA, eight decompensa-
tion of heart failure, one need for reintervention six 
months after the first TAVI due to severe paraval-
vular leakage (PVL) and two valve thromboses (one 
symptomatic and one subclinical, with the latter 
diagnosed due to increased transvalvular gradients 
on follow-up echocardiography and confirmed in 
angiographic computed tomography). Among 
eight patients with decompensated heart failure, 
seven patients had heart failure with preserved 
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ejection fraction (HFpEF), five had mild PVL and 
four moderate mitral regurgitation. None of these 
patients had severe PVL or severe aortic or mitral 
regurgitation.  Comparison of baseline characteris-
tics between patients who experienced post-TAVI 
MACE and those with did not is shown in Table 
1. Except for older age (p < 0.001) in patients 
who developed MACE, there were no differences 
regarding comorbidities, laboratory, echocardio-
graphic, procedural parameters, periprocedural 
complications and pharmacotherapy at discharge 
between the groups. 

Plasma concentrations of TMAO and IS de-
creased after TAVI, compared to baseline (p ≤ 0.004 
for all; Fig. 1A, 1B). In the subgroup of patients 
who experienced MACE, plasma concentrations 
of TMAO were comparable before and after TAVI 
(p = 0.233), whereas plasma concentrations of 
IS decreased after TAVI, compared to baseline  
(p = 0.003). There was a weak, negative correla-
tion between the baseline plasma concentrations of 
TMAO and mean aortic valve gradient (r = –0.206, 
p = 0.027). There were no significant correlations 
between plasma concentrations of IS and AS sever-
ity parameters (Tab. 2). 

Baseline plasma concentration of TMAO was 
comparable in patients with and without MACE, 
whereas plasma concentration of IS was higher in 
patients who experienced MACE during the follow-
up period, compared to patients without MACE  
(p = 0.001; Fig. 2A–D). 

Increased pre-TAVI plasma IS concentration 
above the cut-off value, defined as 1650 ng/dL  
plasma based on the ROC curve, predicted 
MACE with 75.0% sensitivity and 74.3% specific-
ity (AUC 0.73, p =0.001). In univariable analy-
sis, baseline IS concentration > 1650 ng/dL, 
age, mean aortic gradient and treatment with 
renin-angiotensin-aldosterone system (RAAS) 
were predictive of MACE (Suppl. Tab. 1).  
In multivariable Cox regression analysis, only 
IS concentration > 1650 ng/dL and age were 
independent predictors of MACE (OR 14.264,  
95% CI 3.442–59.117, p < 0.001 for IS; OR 1.183, 
95% CI 1.027–1.363, p = 0.020 for age, respec-
tively; AUC 0.83, p < 0.001; Tab. 3, Suppl. Fig. 1).

Kaplan-Meier analysis demonstrated that 
patients with baseline plasma concentration of  
IS > 1650 mg/dL had a lower chance of event-
free survival during the follow-up, compared to 
patients with concentrations of IS below the cut-
off concentration (p < 0.001 for the log-rank test; 
Fig. 3). The study results are summarized in the 
Central Figure.

Discussion

This study is the first to examine the effect 
of TAVI on plasma concentrations of TMAO and 
IS, which are derived from intestinal microbiota 
metabolism, and to evaluate the predictive value 
of these compounds for post-TAVI MACE. The 
main finding of the current study is that plasma 
concentration of TMAO decreased after TAVI com-
pared to baseline. Furthermore, it was found that 
plasma concentrations of IS decreased after TAVI 
as well, and that IS is an independent predictor 
of post-TAVI MACE during the median follow-up 
time of 404 days.

Previous studies demonstrated that plasma 
TMAO concentration is increased both in patients 
with atherosclerotic CVD and AS, compared to 
healthy controls, which can be explained by the 
involvement of an active “atherosclerosis-like” 
process in the initiation phase of degenerative AS 
[13, 18]. However, the effect of TAVI on plasma 
levels of TMAO has not been previously studied. 
The present study showed that plasma concentra-
tions of TMAO, but also IS decreased in AS patients 
after TAVI, compared to baseline levels. There 
are several potential explanations for this finding, 
including improved function of the gut-blood bar-
rier and/or enhanced kidney function responsible 
for the elimination of these compounds due to im-
proved organ perfusion after TAVI. Additionally, the 
initiation of antiplatelet therapy after TAVI cannot 
be excluded as a contributing factor.

According to the hypothesis of the heart-bowel 
axis, AS is associated with intestinal ischemia, 
which leads to impaired intestinal function, inclu-
ding a leaky gut [19, 20]. Restoration of physiologi-
cal hemodynamic conditions by TAVI improves 
intestinal blood supply and function, which may be 
reflected by the decreased plasma levels of TMAO 
and IS observed in our study [19]. Whether SAVR 
exerts the same impact on intestinal bacterial 
metabolites, has not been hitherto investigated. 
Currently being conducted  is a prospective, obser-
vational TASTE (TMAO in severe Aortic STenosis: 
association with Echocardiographic, biochemical 
and histopathological indices of heart failure) study, 
with the goal to evaluate the relationship between 
baseline TMAO concentrations and changes in 
clinical status, echocardiographic and biochemi-
cal parameters after interventional treatment of 
severe AS (either TAVI or SAVR) [21]. 

In contrast to the previous study [17], the 
present study did not demonstrate that TMAO is 
an independent predictor of adverse outcomes in 
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Table 1. Comparison of baseline characteristics between patients who experienced major adverse car-
diovascular events and those with did not during the follow-up period

Total 
(n = 128)

No MACE 
(n = 107)

MACE 
(n = 21)

p-value

Baseline characteristics (median, IQR or n, %)

Age, years 79.5 (74.0–83.0) 79.0 (74.0–82.0) 83.0 (81.0–86.0) 0.001

Gender, male 57 (44.5) 44 (41.1) 13 (61.9) 0.108

BMI, kg/m2 26.1 (24.5–30.0) 26.2 (24.5–30.1) 26.0 (24.5–28.5) 0.578

Euroscore II, % 3.7 (2.5–5.1) 3.8 (2.4–5.1) 3.7 (3.1–5.1) 0.991

Co-morbidities (n, %)

Hypertension 103 (83.1) 85 (82.5) 18 (85.7) 0.722

Diabetes mellitus 48 (38.7) 42 (40.8) 6 (28.6) 0.281

Atral fibrillation 42 (33.9) 35 (34.0) 7 (33.3) 0.954

Prior stroke/TIA 12 (9.7) 9 (8.7) 3 (14.3) 0.433

Prior myocardial infarction 32 (25.8) 26 (25.2) 6 (28.6) 0.751

Prior PCI 56 (45.2) 45 (43.7) 11 (52.4) 0.466

Prior CABG 9 (7.3) 8 (7.8) 1 (4.8) 0.629

COPD 14 (11.3) 10 (9.7) 4 (19.1) 0.218

Heart failure (NYHA ≥ III) 60 (46.9) 52 (48.6) 8 (38.1) 0.378

CKD > 3a 25 (20.2) 19 (18.5) 6 (28.6) 0.292

Laboratory data (median, IQR or mean, SD)

Haemoglobin, g/dL 12.2 (4.1) 12.1 (4.5) 12.7 (2.5) 0.900

Creatinine, mg/dL 55.0(43.0–70.0) 55.5(44.0–70.0) 51.0(43.0–62.0) 0.320

NT-proBNP, pg/mL 1993

(566.0–3718)

1908 

(559–3901)

2266

(684–3707)

0.705

eGFR, mL/min 55 (43–70) 56 (44–70) 51 (43–62) 0.320

Echocardiography before TAVI (median, IQR)

Ejection fraction, % 55 (45–60) 55 (46–60) 60 (45–66) 0.091

V max, m/s 4.2 (3.8–4.5) 4.2 (3.8–4.4) 4.3 (4.1–4.5) 0.251

Gradient max, mmHg 72.0 (61.9-82.0) 71.0 (64.0–83.0) 72.0 (46.0–82.0) 0.690

Gradient mean, mmHg 42.7 (33.0-51.0) 43.0 (34.4–52.0) 41.5 (26.0–46.0) 0.158

AVA (VTI) , cm2 0.8 (0.6–0.9) 0.8 (0.6–0.9) 0.7 (0.6–0.9) 0.550

AVAi, cm2/m2 0.4 (0.4–0.5) 0.4 (0.4–0.5) 0.4 (0.4–0.5) 0.930

Procedural characteristics (n, %)

Femoral access 118 (95.9) 99 (97.1) 19 (90.5) 0.338

Valve type   0.105

EvolutR 42 (34.2) 38 (37.3) 4 (19.1)

EvolutPRO 10 (8.1) 9 (8.8) 1 (4.8)

Portico 33 (26.8) 22 (21.6) 11 (52.4)

Accurate Neo 11 (8.9) 9 (8.8) 2 (9.5)

Accurate Neo 2 24 (19.5) 21 (20.6) 3 (14.3)

Hydra 2 (1.6) 2 (2.0) 0 (0.0)

Navitor 1 (0.8) 1 (1.0) 0 (0.0)

In-hospital complications (n, %)

Life-threatening or disabling  
bleeding*

11 (8.6) 9 (8.4) 2 (9.5) 0.868

Major vascular complication* 8 (6.3) 7 (6.5) 1 (4.8) 0.758

New pacemaker 10 (7.8) 8 (7.4) 2 (9.5) 0.797

In-hospital mortality 2 (1.6) 0 (0.0) 2 (9.5) 0.028
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Echocardiography at follow-up (median, IQR)

Ejection fraction, % 60 (4–60) 59 (50–60) 60 (40–65) 0.588

V max, m/s 2.0 (1.7–2.3) 2.0 (1.6–2.3) 2.1 (1.9–2.4) 0.140

Gradient max, mmHg 17.0 (12.0–21.0) 17.0 (12.0–21.0) 19.0 (15.0–24.0) 0.095

Gradient mean, mmHg 8.0 (6.0–10.0) 8.0 (6.0–10.0) 9.0 (7.0–12.0) 0.156

AVA (VTI) , cm2 1.9 (1.7–2.1) 1.9 (1.7–2.2) 1.9 (1.6–2.0) 0.550

AVAi, cm2/m2 1.0 (0.9–1.2) 1.0 (0.9–1.2) 1.1 (0.9–1.2) 0.930

Paravalvular aortic regurgitation (n, %)    

     Mild 59 (46.1%) 49 (45.8%) 10 (47.6%) 0.878

     Moderate 9 (7.0%) 9 (8.4%) 0 (0.0%) 0.354

     Severe 0 (0.0%) 0 (0.0%) 0 (0.0%) 1.000

Post-TAVI pharmacotherapy (n, %)

Acetylsalicylic acid 81 (68.1) 71 (70.3) 10 (55.6) 0.217

P2Y12 inhibitor 86 (72.9) 74 (74) 12 (66.7) 0.519

Oral anticoagulant 53 (44.9) 43 (43) 10 (55.6) 0.324

Beta-blockers 98 (83.8) 83 (83.8) 15 (83.3) 0.957

RAAS inhibitor 76 (63.9) 61 (60.4) 15 (83.3) 0.062

MRA 31 (27) 29 (29.6) 2 (11.8) 0.126

Loop diuretics 102 (85.7) 85 (84.2) 17 (94.4) 0.251

Statins 101 (85.6) 85 (85) 16 (88.9) 0.665
AVA — aortic valve area; AVAi — aortic valve area index; BMI — body mass index; CABG — coronary artery bypass graft surgery; COPD 
— chronic obstructive pulmonary disease; CKD — chronic kidney disease; eGFR — estimated glomerular filtration rate; CRP — C-reactive 
protein; MACE — major adverse cardiovascular events; MRA — mineralocorticoid receptor antagonists; NT-proBNP — N-terminal pro B 
natriuretic peptide; NYHA — New York Heart Association; PCI — percutaneous coronary intervention; RAAS — renin-angiotensin-aldosterone 
system; TAVI — transcatheter aortic valve implantation; TIA — transient ischemic attack

p  <  0.004
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Figure 1. Plasma concentrations of intestinal bacteria metabolites before and after transcatheter aortic valve implanta-
tion. TAVI  — transcatheter aortic valve implantation; TMAO — trimethylamine-N-oxide

Table 2. Correlations between baseline plasma concentrations of intestinal bacteria metabolites and 
echocardiographic parameters of aortic stenosis severity. Significant correlations are made in bold and 
marked with a star

Metabolite (ng/dL) Gradient max (mmHg) Gradient mean (mmHg) AVAi (cm2/m2)

TMAO r = –0.169 r = –0.206* r = 0.051

IS r = –0.150 r = –0.176 r = 0.010
AVAi — aortic valve area index; IS — indoxyl sulfate; TMAO — trimethylamine-N-oxide; * p < 0.05, **p < 0.01, ***p < 0.001
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AS patients undergoing TAVI. These discrepancies 
might be due to various factors, including demo-
graphic differences, diet, and pharmacotherapy, 
which affect plasma TMAO levels [13, 22], poten-
tially confounding the results. Since neither the 
current study nor the previous studies collected 

data on all these factors, the reasons for the in-
consistent results remain to be defined. Hence, 
further studies are needed. 

Another reason of decreased TMAO levels after 
TAVI might be due to the initiation of dual antiplatelet 
therapy with ASA and clopidogrel in the majority 

Table 3. Results of multivariable analysis to predict major adverse cardiovascular events after trans-
catheter aortic valve implantation using the concentration of indoxyl sulfate above the cut-off value 
and clinical variables

OR 95% CI p-value

Lower Upper

Indoxyl sulfate, >1650 ng/dL 14.264 3.442 59.117 < 0.001

Age, years 1.183 1.027 1.363 0.020

Gradient mean, mmHg 1.109 0.931 1.320 0.247

RAAS inhibitor 4.392 0.926 20.832 0.062
CI — confidence interval; OR — odds ratio; RAAS — renin-angiotensin-aldosterone system

p  <  0.001
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Figure 2. Plasma concentrations of intestinal bacteria metabolites measured before transcatheter aortic valve implan-
tation (TAVI) in patients who did and who did not experience major adverse cardiovascular events (MACE) during the 
follow-up period (panel A, B) and receiver operating characteristic curves (ROC) to predict MACE after TAVI (panel C, 
D). TMAO  —  trimethylamine-N-oxide
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of these patients, according to the previous ESC 
guidelines on valvular heart disease, was applicable 
when conducting this study. Even low-dose ASA 
was shown to partly reduce choline supplement-
dependent rise in plasma TMAO, probably by alter-
ing intestinal microbiota composition [23], which 
might have also contributed to altered TMAO levels 
measu red in these patients 5–6 days after TAVI.

IS has emerged as a potent cardiotoxin and 
uremic toxin and a strong predictor of cardiovas-
cular mortality in patients with chronic kidney 
disease (CKD) [11, 24]. AS and CKD share many 
risk factors. In a large-scale observational cohort 
study including 1,121,875 Stockholm citizens with-
out a prior diagnosis of AS, moderate and severe 
CKD (eGFR < 45 mL/min) was associated with 
20% higher risk of AS during a median follow-up of 
5.1 years [25]. IS might provide the pathophysio-
logical link between CKD and AS, being involved 
in the osteogenic differentiation of human valvular 
interstitial cells from the aortic valve and subse-
quent valve calcification [26, 27]. IS also has pro-
fibrotic, pro-hypertrophic and pro-inflammatory 
effects on cardiac fibroblasts and myocytes [28], 
as well as prothrombotic effects by inducing plate-
let hyperactivity [29]. Plasma IS level predicts 
cardiovascular events in patients with chronic 
heart failure, dilated cardiomyopathy and acute 
coronary syndrome, independent of CKD [24, 30, 
31]. The results of the study herein revealed that 
elevated IS concentration along with age was the 
only independent predictor of adverse outcomes 

in AS patients undergoing TAVI, predicting MACE 
with 75.0% sensitivity and 74.3% specificity. The 
link between elevated IS concentration and post-
TAVI MACE requires further investigation. One 
hypothesis could be that the proinflammatory and 
prothrombotic effects of IS contribute to adverse 
outcomes, such as cardiovascular deaths, TIA or 
valve thrombosis, observed in the present study. 
However, this study is too small to analyze this 
relationship in sufficient detail, leaving the patho-
physiological role of elevated IS level in patients 
with AS undergoing TAVI unclear.

Among other clinical characteristics, only 
age was an independent predictor of adverse 
outcomes. The lack of a relationship between the 
classic CV risk factors and MACE does not seem 
associated with drop-outs or in-hospital complica-
tions, since 120 patients had complete follow-up 
regarding MACE and the rate of procedural com-
plications were comparable between the groups. 
However, the baseline characteristics suggested 
that the present cohort was relatively low-risk 
(median EuroScore II 3.7%, median LVEF 55%), 
despite their advanced age (median 79.5 years). 
Hence, the lack of association between classic 
CV risk factors and adverse outcomes might po-
tentially be explained by the good clinical status 
pre-TAVI. 

The current  study has several limitations. 
First, plasma levels of TMAO and IS were meas-
ured only twice — before and after TAVI, which 
does not allow drawing any conclusions regard-
ing the long-term changes in the concentrations  
of these metabolites during the follow-up period, 
and neither with their association to MACE. 
Hence, the intestinal bacterial metabolites might 
have been affected by confounders such as peripro-
cedural antibiotic prophylaxis, length of fasting, 
altered in-hospital diet, intensive care stay, the 
stress of the procedure and hospitalization. There-
fore, AS repair should not be considered a sole 
reason for the change in intestinal bacterial me-
tabolite dynamics in patients hospitalized for TAVI. 
Second, the number of MACE was relatively low, 
and the confidence interval for the predictive value 
of IS for MACE is broad, which requires caution 
when interpreting the results. Third, no data was 
collectedregarding acute kidney injury, infections 
or other problems which might have affected the 
long-term outcomes. Fourth, all TAVI procedures 
were done by experienced high-volume teams, 
which eliminated the bias due to various exper-
tise levels, but might limit the general results’ 
applicability. 
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Figure 3. Kaplan-Meier survival analysis for major ad-
verse cardiovascular events (MACE) after transcathe-
ter aortic valve implantation in patients with baseline 
plasma concentration of indoxyl sulfate (IS) above and 
below the cut-off value of 1650 ng/dL, determined on 
the receiver operating characteristic curve
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Conclusions 

Plasma concentration of TMAO and IS de-
creased after TAVI, compared to baseline, likely 
reflecting the restoration of physiological hemo-
dynamic conditions. Increased baseline plasma IS 
concentrations were associated with 14-fold higher 
odds of MACE during the median follow-up time 
of 404 days, as previously reported for other car-
diovascular diseases. Considering numerous other 
peri-procedural factors affecting intestinal bacterial 
metabolite levels in patients undergoing TAVI, 
the results should be interpreted with caution and 
require confirmation in future studies.
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